Abstract: Loblolly pine (Pinus taeda L.) is a major plantation species grown in the southern United States, producing wood having a multitude of uses including pulp and lumber production. Specific gravity (SG) is an important property used to measure the quality of wood produced, and it varies regionally and within the tree with height and radius. SG at different height levels was measured from 407 trees representing 135 plantations across the natural range of loblolly pine. A three-segment quadratic model and a semiparametric model were proposed to explain the vertical and regional variations in SG. Both models were in agreement that a stem can be divided into three segments based on the vertical variation in SG. Based on the fitted models, the mean trend in SG of trees from the southern Atlantic Coastal Plain and Gulf Coastal Plain was observed to be higher than in other physiographical regions (Upper Coastal Plain, Hilly Coastal Plain, northern Atlantic Coastal Plain, and Piedmont). Maps showing the regional variation in disk SG at a specified height were also developed. Maps indicated that the stands in the southern Atlantic Coastal Plain and Gulf Coastal Plain have the highest SG at a given height level.
Introduction
Pine plantations occupy approximately 13 million ha of the southern United States (US), which carries 680 million m 3 of timber, with a projected increase in area of 67% (22 million ha) by 2040 (Wear and Greis 2002) . A twofold increase in productivity and a 50% reduction in rotation length of pine plantations during the last few decades have turned the southern US into the wood basket of the US (Fox et al. 2007 ). Currently, the southern US produces around 58% of the total wood supply in the US and 16% of world's industrial wood supply (Wear and Greis 2002) . Loblolly pine (Pinus taeda L.), with more than half of the standing pine volume, is the most important plantation species in the southern US. Wood from loblolly pine is a principal source of raw material for the pulp and paper industry and is desirable for the production of lumber and composite wood products. The quality of wood produced from a loblolly pine tree is defined by its physical and mechanical properties. Of these, specific gravity (SG) is considered as the most important wood quality indicator because of its strong correlation with the strength of solid wood products, as well as the yield and quality of pulp (Panshin and deZeeuw 1980) .
The wood properties of loblolly pine vary considerably across its growing range, between stands within a region, between trees within stands, and within the trees. Significant variation in wood properties within trees occurs from pithto-bark, from stump-to-tip, and also within annual rings between earlywood and latewood. Clark and Saucier (1989) divided the radial section of a pine stem into three zones: core wood and transition wood, which together can be referred to as juvenile wood, and mature wood. Juvenile wood is the wood that is formed in the vicinity of the crown forming a core near the center of the stem having low SG, short tracheids with large microfibril angles (Larson et al. 2001) . Zobel (1972) reported an average SG ranging from 0.36 to 0.45 for juvenile wood and from 0.42 to 0.64 for mature wood in loblolly pine.
According to Burdon et al. (2004) , the concept of juvenile to mature wood progression from pith to bark is inadequate to represent the pattern of variation within a tree and is an oversimplification of the physiological process. They advocated the use of two separate concepts, corewood versus outerwood in the radial direction and juvenile versus mature wood in the longitudinal direction, to explain the within-tree variation in wood properties. Based on the proposed classification, juvenile wood occurs in the lower butt log with height < 3 m, transition wood occurs between 3 and 5 m in height, and mature wood occurs at heights > 5 m.
The longitudinal variation in SG of loblolly pine was reported in several studies. Early studies reported a decrease in SG from stump-to-tip of loblolly pine (Megraw 1985; Zobel and van Buijtenen 1989) . Tasissa and Burkhart (1998b) modeled the within-tree variation (stump-to-tip and pith-tobark) in SG of loblolly pine using a linear function of physiological age, relative height, percent latewood, latewood width, and ring width. Phillips (2002) and He (2004) modeled the longitudinal variation in disk SG of loblolly pine using subject-specific nonlinear models.
Marked geographical variation in SG has been reported for loblolly pine by Tasissa and Burkhart (1998a) , Daniels (2002), and Jordan et al. (2008) . SG was significantly higher in trees from the Coastal Plains compared with those from inland areas. Higher SG for trees from the Coastal Plains might be due to the increased latewood production of these trees, which has been attributed to increased moisture availability from frequent summer rainfall in the area (Clark and Daniels 2002; Jordan et al. 2008) . Jordan et al. (2008) reported a higher whole-core average SG (of 0.49) for trees from the southern Atlantic Coastal Plain compared with other regions (Gulf Coastal Plain, Hilly Coastal Plain, northern Atlantic Coastal Plain, Upper Coastal Plain, and Piedmont), which averaged 0.455 using breast height cores collected from trees. They also produced maps showing regional variation in SG at different stand ages at breast height. However, the maps showing the regional variation in SG at different height levels within a tree were lacking and are important for maximizing product utilization.
Both parametric and semiparametric regression methods are well known and potentially can be applied in forestry to explain and analyze the nonlinear trend in a property (Max and Burkhart 1976; Ruppert et al. 2003; Jordan et al. 2008) with respect to some explanatory variable(s). Parametric models are parsimonious, have meaningful parameter interpretations, and are more suitable for making predictions, but the curve shapes are constrained by the functional form of the model, which can restrict inferences drawn from it. Semiparametric regression is a flexible method of defining nonlinear trends in any property of interest and its analysis (Ruppert et al. 2003) . In addition, semiparametric regression can be extended easily to define the variation in a property at higher dimensions (e.g., spatial variation in SG in this study) along with its nonlinear trend with any explanatory variable(s). The present study uses both methods to draw inferences about SG variation at different disk heights within trees and regional variation in mean SG trends within trees. The primary objectives of the present study are (i) to examine and model the longitudinal variation in disk SG, (ii) to examine regional variation of disk SG, and (iii) to develop maps depicting the regional variation of disk SG across the southern US.
Data and methods

Data
The Wood Quality Consortium at the University of Georgia and the United States Department of Agriculture (USDA) Forest Service Southern Research Station sampled planted loblolly pine trees across its natural range to study the vertical variation in wood SG. Trees were sampled from 135 stands from six physiographic regions across the southeastern US. Regions sampled included (1) southern Atlantic Coastal Plain, (2) northern Atlantic Coastal Plain, (3) Upper Coastal Plain, (4) Piedmont, (5) Gulf Coastal Plain, and (6) Hilly Coastal Plain. A minimum of 12 plantations from each of the six physiographic regions were sampled. The stands selected for sampling included 20-to 25-year-old loblolly pine plantations planted at 1250 or more trees per hectare and contained 625 trees per hectare or more after thinning. Only stands that were conventionally managed with no fertilization (except phosphorus at planting on phosphorusdeficient sites) and no competition control were sampled. Three trees from each stand were felled and 3.8 cm thick, cross-sectional disks were collected at 0.15 and 1.37 m and then at 1.52 m intervals along the stem up to a diameter of 50 mm outside bark. The disks were sealed in plastic bags and shipped to the USDA Forest Service laboratory for physical property analysis. Disk SG based on green volume and oven-dry weight was measured for each disk collected at different heights. A map showing the sampled locations is presented in Fig. 1 . A summary of the stand characteristics along with the number of stands and trees sampled from each region is presented in Table 1 .
Parametric model
Disk SG follows a nonlinear decreasing trend from stumpto-tip in loblolly pine. Relative height, the ratio of height at any point to the total height of the tree, has explained the maximum amount of variation in SG and posses the property of homogeneous variance. Relative height was used as a potential variable to explain the change in disk SG from stump-to-tip in this study. Large tree-to-tree variation was also evident in the observed disk SG profiles. Because the rate of change of SG varies at different parts of the stem (at least two inflection points are present in most of the individual tree profiles), it was difficult to explain the phenomenon using a single function. A segmented regression model proposed by Gallant and Fuller (1973) was used to explain the change in disk SG with relative height in this study. Let y ijk represent the SG measurement from disk k from tree j in stand i; the general form of the segmented regression model (Gallant and Fuller 1973) for tree j in stand i can be represented as
where x ijk is the kth relative height measurement from tree j in stand i, h ijk /H ij , where h ijk is the kth height above ground, and H ij is the total height of tree j in stand i, g r (x ijk , b r ) is a sequence of r-grafted submodels with r = 1, 2, . . ., R, where R is the number of segments and R -1 is the number of knots,
where b r represents the parameter specific to segment r joined to the previous segment at the (r -1) knot location, a r-1 , and 3 ijk~N (0, s 2 ). Each of these submodels is subjected to continuity and smoothness constraints at the (r -1) knot point as
Following Gallant and Fuller (1973) , a segmented model formed after splicing three-quadratic submodels was used to explain changes in disk SG with relative height for tree j and had the following form: by Max and Burkhart (1976) , which is not constrained to have a value of zero at the tip of the tree. If the knot points [a 1 a 2 ] T are known, then the model becomes a simple linear model and the estimates of [b 0 b 1 b 2 b 3 b 4 ] T can be obtained through an ordinary least-squares solution. However, if the knot points are unknown, a solution for the parameters can be estimated using a nonlinear least-squares procedure. In this study, we are proceeding under the assumption that the knot points are unknown and need to be estimated from the data.
Because the data follow a hierarchical structure by design (stands and trees within stands), a nonlinear mixed model was used to account for the heterogeneity between stands and trees within stands. The nonlinear mixed model can be represented as
Following Vonesh and Chinchilli (1997) , the vector of mixed-effect parameters b ij in the model can be represented as where b i and b ij are the stand-and tree-level random effects; B ij,1 and B ij,2 are the associated random-effect design matrices; and A ij and b are the fixed-effect design matrix and parameter vector, respectively. I 7 is a 7 Â 7 identity matrix with all the diagonal elements equal to 1. The random effects and within-tree error terms were assumed to be distributed normally as b i~N (0, j 1 ), b ijÑ (0, j 2 ), and 3 ij~N (0, s 2 L ij ) and are independent of each other. Here j 1 and j 2 are variance-covariance matrices representing different levels of stand and tree random effects and L ij is a positive-definite matrix representing the withintree error structure. A full model with random effects associated with all of the parameters in the model is considered first by assuming a diagonal variance-covariance matrix structure for random effects and an independent structure for within-tree error (L ij = I ij ). These assumptions were relaxed in the later stages of fitting by assuming different variance-covariance structures for the random effects. Several reduced models were also fitted by dropping the randomeffect terms associated with the parameters. The best of these models was selected by comparing the fitted models using Akaike's information criterion (AIC).
The next step in the model building process was to incorporate any covariates. Based on the results from preliminary analysis, no significant improvement in model performance was observed after adding the covariates age and diameter at breast height. One of our objectives was to identify the regional variation in mean trend of SG, and it is incorporated into appropriate parameters in the model using indicator variables. As we had six distinct physiographical regions in the study, we assumed different fixed-effect parameters for each region with the southern Atlantic Coastal Plain as the reference region and all other regions having their own parameters, which are deviations from the reference (effect version of parameterization). After assuming all of the parameters in the model to be region-specific, the fixed-effect design matrix and parameter vector for parameter l in b can be represented as 
After formulating the appropriate mean model and randomeffect structure, the homogeneity and independence assumptions on the error terms were relaxed by adding appropriate variance function and correlation structures to the model. This was done to enable us to explain the heteroscedasticity in the data and serial correlation across measurements successfully. Different variance functions usually used in growth modeling such as the power model ðVarð3 ijk Þ ¼ s 2 jy ijk j 2d Þ, the exponential model ðVarð3 ijk Þ ¼ s 2 e 2dy ijk Þ, and the constant power model
Þ were used to define any nonconstant variance within the data. The autoregressive models (AR(p)), moving-average models (MA(q)), and autoregressive with moving average models (ARMA(p, q);
q n a tÀn þ a t , where 3 t is the current error term, 4 m are the autoregressive parameters with m = 1, 2, . . ., p, q n are the moving average parameters with n = 1, 2, . . ., q, and a t is the homoskedastic noise term with E[a t ] = 0) were used with the data to account for dependence across repeated measurements within each tree. AIC criterion was used for checking significant changes in performance of the models. The nonlinear mixed models were fitted using the nlme package available in R (Pinheiro et al. 2009 ).
Semiparametric model
A more flexible approach to explain the nonlinear trend in disk SG with relative height is by semiparametric regression. Semiparametric regression can model nonlinear relationships, here the change in disk SG with relative height, without having any parametric restriction. The advantage is that these models can be formulated in a linear mixed-model framework (Ngo and Wand 2004) , allowing the use of estimation and inferential tools available in mixed-model methodology.
Let y jk represents the disk SG observed at disk k of tree j. A simple model form to explain disk SG with relative height is
where 3 jk $ Nð0; s 2 3 Þ and f is a smooth function describing the trend in disk SG with relative height. We utilized penalized smoothing splines, curves that are formed by splicing low-order polynomials at known knot locations, to model the change in disk SG with relative height. A truncated quadratic basis was used to model the function f(x jk ). Model 6 (eq. 6) can be represented as
where u p $ Nð0; s 2 u Þ. Here, k 1 , . . ., k p are distinct knot locations within the range of x jk s and (x jk -k p ) + is the positive function where ''+'' sets it to zero for those values of x jk where x jk < k p is negative (here x jk < k p ). According to Ruppert et al. (2003) , a reasonable choice for selecting knots is that there should be four to five unique data points between two knots, with 35 knots as the maximum number of allowable knots. They proposed a simple method for knot selection such that knot k p equals sample location (p + 1)/(p + 2) of the unique x jk s, p = 1, . . ., P, where P = max(5, min(1/4 Â number of unique x jk s, 35)). Use of the default knot selection procedure resulted in selecting 35 knots in this study, the maximum allowable knots based on the above procedure. Evenly spaced knots were also recommended and practiced in fitting the semiparametric regression (Ruppert et al. 2003; Jordan et al. 2008) . Here, we used eight evenly spaced knots at an interval of 0.1 between the minimum and maximum relative height from the available data.
An estimate of [b, u] can be obtained by formulating model 7 as a linear mixed model as follows:
Here, One of the major objectives of this study was to understand the regional variation in the mean trend of disk SG with relative height. The addition of the interaction term in model 7 was used to examine regional differences. Model 7 with an interaction term can be represented as
Here z j' is a regional indicator variable with z j' = 1 if tree j is in region ' and 0 otherwise for ' = 2, . . ., L (L = 6), and y To account for the heterogeneity between stands and trees within stands from the design, we used random stand (b i ) and tree (b ij ) effects in the model. Let y ijk represent the SG of disk k in tree j in stand i; model 9 with random stand and tree effects can be represented as
Þ. It is interesting to know the rate at which SG changes along the length of a loblolly pine stem. The derivative of model 10 could potentially be used to explore the rate of change of disk SG with height. This can answer questions such as how fast does SG change along a stem, does it approach a plateau, at what height does the rate of change in SG approach a plateau. Differentiating model 10 with respect to x ijk gives
A solution to the mixed-model equation can be utilized to get predicted values and standard errors from models 10 and 11. For more details of model formulation, fitting, and prediction using this procedure, readers are referred to Ruppert et al. (2003) . All of the models in the above sections were fitted using S-PLUS software (Pinheiro and Bates 2000) .
Specific gravity maps
Maps explaining the variation in whole-disk SG across the geographical range of loblolly pine at a given height are useful for making decisions in product categorization and utilization. The spatial variation in a particular entity is usually explained using a method known as kriging (Cressie 1993) , which has been widely applied in geostatistics. Kriging is an interpolation method that predicts the value of a variable (here disk SG) at an unknown spatial point using the spatial covariance information calculated from the available data. Because SG data in this study were collected across space (latitude and longitude) and tree height, it is important to model the variation in SG across height and space simultaneously to understand the spatial variation in SG at a particular height level. Because the variation in SG across height was highly nonlinear, a geoadditive approach proposed by Kamman and Wand (2003) was used in this study. The geoadditive approach is a combination of geostatistical and additive models and accounts for the nonlinear covariate effect (here tree height) under the assumption of additivity (Kamman and Wand 2003) . These models can be implemented using the mixed-model framework.
The covariate in the present study was relative height of a tree and the geographical locations are represented by latitude and longitude of the stand from which SG was measured. Following Kamman and Wand (2003) and Ruppert et al. (2003) , the geoadditive model can be formulated as follows. The additive model component for explaining the change in disk SG with continuous variable relative height is given as
where y ik is the SG measurement from disk k in stand i and f is a smoothing function of relative height x ik . Model 12 is equivalent to model 7 with a truncated quadratic basis. The random intercept for stand and tree variables was omitted from model 12.
Given the data of form (D ik , y ik ), where y ik is a scalar and D ik 2 < 2 represents geographical locations, a simple universal Kriging model with linear covariate is
2 g is a stationary mean zero stochastic process. Prediction to a new location D 0 2 < 2 within the sampling space is done by substituting the estimates of b b 0 and b b 1 and an empirical best linear predictor b SðD 0 Þ for an estimated covariance structure for S into model 13. The geographical component was fitted as a linear mixed model by using a bivariate thin plate spline to a geographic location (Ruppert et al. 2003) . The covariance for S is assumed to be isotropic, i.e., the covariance between two stands that are khk units apart is the same regardless of direction and location of the stand.
The final geoadditive model can be obtained by merging models 12 and 13 as
ik which can be expressed as a linear mixed model as
where y is the vector of response (here SG),
D ik , and Z corresponds to the basis functions for f and S. The additive component in the model allows us to appropriately explain the nonlinear trend in SG with relative height. The geographical component in the model was fitted using reduced knot kriging, where {k 1 , . . ., k P } is a subset of knots selected from sample space D ik 2 < 2 . The knots were selected using the space-filling algorithm discussed by Kamman and Wand (2003) and Ruppert et al. (2003) . Readers are referred to Ruppert et al. (2003) and Kamman and Wand (2003) for more details on geoadditive model formulation, fitting, and prediction. Maps were produced by fitting the geoadditive model to the data. Model 14 was fitted using the SemiPar library in R (Wand et al. 2005 ).
Results
Parametric model
The model with stand-and tree-level random effects on parameters b 0 , b 1 , and b 2 was selected as the best randomeffects model (AIC = -24 447.77). After identifying the mixed-effect parameters, all parameters (except the knot parameters a 1 and a 2 ) were allowed to vary from region to region (AIC = -24 538.6). The heteroskedasticity in residuals was accounted for by using a power-of-the-mean variance function (AIC = -24 609.94). The correlation across repeated measurement taken from each tree was best represented using an ARMA(1, 1) model (AIC = -25 007.74).
The difference between mean trends in disk SG among regions was addressed using likelihood ratio tests (LRTs) by dropping nonsignificant region-specific fixed-effect parameters from the full model fitted above. The final model was selected based on improvement in AIC criterion. We also allowed the knot parameters a 1 and a 2 to vary from region to region at this stage. The final model (AIC = -25 057.16) was developed through ''stepwise'' procedure by dropping the nonsignificant parameters from the full model. The parameter estimates from the final fitted model are presented in Table 2 .
Based on the final model, estimates of b 0 from the southern Atlantic Coastal Plain and Gulf Coastal Plain were not significantly different. The estimated b 0 parameters from other regions were found to be significantly different from these two regions. The estimate of the b 0 parameter was highest for the southern Atlantic Coastal Plain and Gulf Coastal Plain (0.4678) and lowest for the northern Atlantic Coastal Plain (0.4201). The estimate of the b 0 parameter for the other three regions was between these two groups (Piedmont = 0.4427; Upper Coastal Plain = 0.4481; Hilly Coastal Plain = 0.4543). The estimate of the b 1 parameter was not significantly different for all regions except the Gulf Coastal Plain. Similarly, the estimated b 2 parameter was not significantly different for all regions except the northern Atlantic Coastal Plain and Gulf Coastal Plain. The estimated b 3 parameter from the Upper Coastal Plain and Piedmont was significantly different from all other regions. The b 4 parameter was significantly different for the northern Atlantic Coastal Plain compared with all other regions. The first knot from the tip of the tree, a 1 , was estimated to be at 0.2878 for all regions except the Upper Coastal Plain (0.3390) and Hilly Coastal Plain (0.2707). The estimate of the second knot parameter from the tip of the tree, a 2 , was at a relative height of 0.08 for all regions except Upper Coastal Plain, where the estimate was at a relative height of 0.0581.
Plots of mean predicted disk SG are presented in Fig. 2 . Based on the three-segmented quadratic model, the mean disk SG trends of trees from the southern Atlantic Coastal Plain and Gulf Coastal Plain were higher than all other regions, with the mean trend of Gulf Coastal Plain above that of the southern Atlantic Coastal Plain. The mean trend in disk SG was lowest for trees from the northern Atlantic Coastal Plain. Mean disk SG trend of the other regions fell between these two limits, with the Hilly Coastal Plain having the highest SGs followed by the Upper Coastal Plain and then Piedmont. It was also observed that the mean trend in disk SG of trees from the northern Atlantic Coastal Plain merged with the mean SG trend of the Hilly Coastal Plain, Upper Coastal Plain, and Piedmont above a relative height of 0.8.
Semiparametric model
The nonlinear trend in disk SG with tree height and the regional variation in mean trend was explained in a more flexible way by using a semiparametric model. A model with a common smoothing parameter for all regions ðs 2 u ¼ s 2 y' Þ was favored and fitted based on preliminary analysis. Based on the fitted model, disk SG follows a decreasing trend with relative height. A test of regional variation on the mean trend of disk SG was addressed by using a LRT test by fitting the full model (eq. 10 with assumed common smoothing parameters for all regions) and a reduced model with H 0 : g p' = 0, where p = 0, 1, or 2 and ' = 2, 3, 4, 5, or 6. Based on the LRT, significant differences between regions were found with a test statistic of 103.94 (p value < 0.0001), which follows an asymptotic c 2 ½15 .
A plot of predicted SG from the model is presented in Fig. 3 . Mean trends of SG for trees from the southern Atlantic Coastal Plain and Gulf Coastal Plain were higher than all other regions. It was observed from the mean plot of these two regions that at the base of the tree, the mean trend of disk SG for the southern Atlantic Coastal Plain was above that of the Gulf Coastal Plain up to a relative height~0.25, at relative heights > 0.25, the trend was reversed. The predicted disk SG of trees from the northern Atlantic Coastal Plain was the lowest. The predicted SG of other regions again fell between these two groups, with the Hilly Coastal Plain having the highest predicted disk SGs, followed by the Upper Coastal Plain and Piedmont. The predicted SG of trees from the northern Atlantic Coastal Plain again merged with the mean SG trend of the Hilly Coastal Plain, Upper Coastal Plain, and Piedmont above a relative height of 0.8. A plot of the mean predicted disk SG with 95% prediction intervals is presented in Fig. 4 . A plot of the derivatives of mean predicted disk SG along with 95% point-wise confi- dence bands is presented in Fig. 5 . Based on the plot, SG decreases very rapidly near the base of the tree to a relative height of~0.1, decreases at a decreasing rate from a relative height of~0.1 to~0.3, and then decreases at a constant rate above a relative height~0.3 to the top of the tree.
Specific gravity maps
After fitting the geoadditive model (eq. 14; Fig. 6 ), it was observed that the stand average disk SG followed a pattern similar to that described based on a semiparametric model (Fig. 5) .
Maps showing the geographical variation in whole-stand disk SG along with the standard error of predictions at specific relative heights (0.05, 0.15, 0.5, and 0.8) are presented in Fig. 7 . These maps were made under the assumption that all of the stands sampled are of the same age (average age of~23 years). The primary reason for making such an assumption is that the stands sampled were from a narrow range of ages (Table 1) . Based on the maps, a decreasing trend in disk SG was observed from south to north and from east to west. Whole-stand disk SG was higher near the Coastal Plain, with high SG bands in the southern Atlantic Coastal Plain and Gulf Coastal Plain. Disk SG was high in southern Georgia, southwestern Alabama, and the western edge of Texas. The Upper Coastal Plain, Hilly Coastal Plain, and Piedmont formed a band of lower SG wood, whereas the lowest SG wood was from the northern Atlantic Coastal Plain and parts of Piedmont. Areas with low sampling intensity such as Tennessee, northern Arkansas, Alabama, Virginia, and southern parts of Mississippi and Louisiana can be identified from the large standard errors of prediction.
Discussion
Disk SG of loblolly pine trees decreases in a nonlinear fashion with tree height. Both parametric and semiparametric approaches were used to explain the longitudinal and regional variation in disk SG along the stem. A geoadditive approach was used to describe the regional variation in disk SG at a specific disk height, and significant regional variation in mean SG trends was observed. Generally, mean SG trends were highest for trees from the southern Atlantic Coastal Plain and Gulf Coastal Plain and lowest for trees from the northern Atlantic Coastal Plain, with trees from the Hilly Coastal Plain, Upper Coastal Plain, and Piedmont between these extremes. Both parametric and semiparametric modeling approaches agreed and resulted in similar conclusions.
Our study suggests that loblolly pine stems can be divided into three zones based on the longitudinal variation of disk SG. Based on the derivative plots from the semiparametric model (Fig. 5 ) for all regions, mean SG decreased rapidly from the base of the tree to a relative height of~0.1; SG then decreased at a decreasing rate between relative heights of~0.1 to~0.3; for relative heights >~0.3, SG decreases at constant rate. Results from the semiparametric model support the proposed parametric model in which a stem is represented as three segments with each segment represented by a quadratic function of relative height with two knot points that are unknown and estimated from the data. Based on the three-segment parametric model, the first change in curve shapes occurred at a relative height of~0.08. The second change in curve shape of mean disk SG was at a relative height of~0.29. These findings agree with the threesegmented classification of the stems of loblolly pine proposed by Burdon et al. (2004) .
The mean trend of disk SG was highest for the southern Atlantic Coastal Plain and Gulf Coastal Plain. The overall mean SG observed for these two regions was 0.46, which was higher than the mean disk SG observed for the other regions (0.42) ( Table 1) . Both parametric and semiparametric models support this conclusion, with higher mean SG curves (Figs. 2 and  3) . The high SG of trees from the southern Atlantic Coastal Plain and Gulf Coastal Plain might be attributed to two major reasons: (i) reduced length of core wood formation and proportion of core wood formed in these two regions compared with that formed in other inland regions (Clark and Saucier 1989; Clark and Daniels 2002; Jordan et al. 2008) ; and (ii) high percentage of latewood in the rings of trees growing in these regions (~40%) compared with those growing in other regions (~35%). The proportion of latewood formed is highly correlated with summer precipitation, mean annual temperature, and number of growing days. The trees growing in the southern Atlantic Coastal Plain and Gulf Coastal Plain receive, on average, more summer precipitation and have a higher mean annual temperature and more growing days than those in the other regions (Clark and Daniels 2002) .
Maps of mean stand disk SG showed similar trends of regional variation in SG as described based on the parametric and semiparametric models. A decreasing trend in disk SG was present from south to north and from east to west. The disk SG maps, depending on the specified height, divided the loblolly pine growing range into three major regions: a high SG band that mainly included parts of the southern Atlantic Coastal Plain and Gulf Coastal Plain; a medium SG band that included the northern parts of the southern Atlantic Coastal Plain and Gulf Coastal Plain and parts of the Upper Coastal Plain and Hilly Coastal Plain; and a low SG band that included the Piedmont and Hilly Coastal Plain and northern Atlantic Coastal Plain. The above findings are in accordance with earlier results by Clark and Daniels (2002) and Jordan et al. (2008) , who reported a decrease in SG with increase in latitude and increase in SG with increase in longitude based on the ring-by-ring data collected from breast height of trees. It should be noted that the maps were produced with the assumption that stands were the same age when sampled (approximately 23 years).
Significant longitudinal and regional variation in SG was observed in loblolly pine. For forest product industries, an understanding of both longitudinal and regional variation in SG is important as it allows raw material segregation and optimization of manufacturing processes. SG is an important wood quality index, is highly correlated with the strength and stiffness of wood, and determines the pulp yield and quality. An increase in SG of 0.02 units will result in a 22.7 kg increase in dry pulp per tonne of round wood (Mitchell 1964) and (or) an increase in modulus of elasticity (31.15 kgÁcm -2 ) and modulus of rupture (35.16 kgÁcm -2 ) (Wahlgren and Schumann 1975) . Hence the strength of lumber or yield of pulp from a tree harvested from the southern Atlantic Coastal Plain and Gulf Coastal Plain will generally be greater than that of trees harvested from other regions at an equivalent age.
The primary objective of this study was to understand the within-tree and regional variation in SG of wood produced from conventionally managed (no fertilization apart from P at establishment on P-deficient sites and no competition control) loblolly pine plantations across the southeastern US. One of the limitations was that the trees utilized in this study came from stands within a narrow range of ages (20-25 years). However, this is a typical representation of the age range of short-rotation loblolly pine plantations throughout the southeastern US. As indicated earlier in the manuscript, the user should restrict the application of models and maps presented in this study to trees within the range of 20-25 years and subject to conventional management.
